Understanding which cellular compartments are influenced during neuromodulation underpins any rational effort to explain and optimize outcomes. Axon terminals have long been speculated to be sensitive to polarization, but experimentally informed models for CNS stimulation are lacking. We conducted simultaneous intracellular recording from the neuron soma and axon terminal (blebs) during extracellular stimulation with weak sustained (DC) uniform electric fields in mouse cortical slices. Use of weak direct current stimulation (DCS) allowed isolation and quantification of changes in axon terminal biophysics, relevant to both suprathreshold (e.g., deep brain stimulation, spinal cord stimulation, and transcranial magnetic stimulation) and subthreshold (e.g., transcranial DCS and transcranial alternating current stimulation) neuromodulation approaches. Axon terminals polarized with sensitivity (mV of membrane polarization per V/ m electric field) 4 times than somas. Even weak polarization (<2 mV) of axon terminals significantly changes action potential dynamics (including amplitude, duration, conduction velocity) in response to an intracellular pulse. Regarding a cellular theory of neuromodulation, we explain how suprathreshold CNS stimulation activates the action potential at terminals while subthreshold approaches modulate synaptic efficacy through axon terminal polarization. We demonstrate that by virtue of axon polarization and resulting changes in action potential dynamics, neuromodulation can influence analogdigital information processing.
Introduction
Electrical neuromodulation of the CNS can produce behavioral and clinical changes (Antal et al. 2014) , as a complementary treatment strategy to pharmacological approaches. Understanding the cellular targets of neuromodulation, namely, which neuronal compartments are activated during stimulation, is the fundamental building block of mechanistic understanding and rational technique optimization (Rattay 1999) . Stimulation of axons (including terminals) has been indirectly implicated in neuromodulation approaches spanning from deep brain stimulation (DBS) (McIntyre et al. 2004) , spinal cord stimulation (SCS) (Holsheimer 2002) , transcranial magnetic stimulation (TMS); (Pashut et al. 2011; Salvador et al. 2011) , to transcranial direct current stimulation (tDCS) (Rahman et al. 2013) . Indeed, for decades, axon terminals have been theoretically speculated to be the most sensitive compartments to electrical stimulation (Ranck 1975; Tranchina and Nicholson 1986; Nowak and Bullier 1998; Arlotti et al. 2012) .
Modern neurophysiology reinforces the importance of the axon for CNS information processing. Relevant for suprathreshold stimulation, the action potential (AP) is generated at the distal portion of the axon initial segment (Palmer and Stuart 2006; Kole et al. 2007; Shu et al. 2007 ; Stuart 2008, 2012) . Previously, APs were considered as the all-or-none digital signals which are simply converted by neurons from incoming inputs to outputs. However, modern neurophysiology has identified a role for analog AP conduction. The AP is sensitive to a weak subthreshold polarization of the axonal membrane, which subsequently induces a modification in the shape of the AP (Bischofberger et al. 2006; Shu et al. 2006) . Broader or narrower APs can, respectively, cause prolonged or abbreviated terminal polarization, and it is well established that neurotransmitter release is sensitive to terminal polarization (Shu et al. 2006; Kole et al. 2007; Debanne et al. 2011) . Thus, the primary digital information that is presynaptic activity is preserved, but the analog content that is membrane potential modifies the weight of the hybrid signal which allows far more information to be contained in a single AP compared with conventional digital signaling (Stuart and Sakmann 1994; Clark and Häusser 2006) . Therefore, we propose that the concept of analog signal transfer suggests a novel mechanism for electrical stimulation of axons, especially subthreshold stimulation.
This report is the first direct recording from mammalian axons during extracellular electrical stimulation. We conducted simultaneous intracellular recording from the somas and axon terminals (blebs) of single neurons. To develop a quantitative model of axon terminal neuromodulation (e.g., coupling constants), we applied sustained (direct current) low-intensity, uniform electric fields (EFs), (Bikson et al. 2004; Radman et al. 2009) and assessed changes in passive and active/dynamic properties. The resulting quantitative model can be applied to any method of neuromodulation including suprathreshold (DBS, SCS, and TMS) and subthreshold (tDCS) approaches. In addition, emerging evidence in neuroscience indicates that axonal AP initiation and conduction is not a simple digital function but entail analog properties as well (Alle and Geiger 2006) . Our results are the first to indicate that brain stimulation modulates the analog mode of signal transduction and conduction velocity of already generated APs, and further suggest a role of neuromodulation in signal synchrony.
Methods

Subjects and Slice Preparations
All experimental procedures were performed in accordance with National Institutes of Health guidelines and were approved by the University of Haifa animal ethics committee. In total 51 C57BL/6 mice of either sex were sacrificed by cervical dislocation and brains were quickly removed and coronal prefrontal cortical slices (300 μm) were isolated with a Campden Vibratome 7000 smz2 (Campden Instruments, UK) in ice-cold cutting solution (in mM): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 28 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 5 glucose. Slices were recovered for 45 min at 36°C in artificial cerebrospinal fluid (ACSF) containing in mM: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 D-glucose, 2 CaCl 2 , and 1 MgCl 2 ACSF, followed by additional recovery for 30 min in room temperature ACSF. After initial recovery, slices were placed in a submerged chamber and maintained at room temperature in ACSF (2 mL/min).
Whole-Cell Recording
Slices recovered for an additional 60 min on the electrophysiology rig, before experimentation. All solutions were constantly caboxygenated with 95% O 2 + 5% CO 2 . Cortical regions of brain slices were illuminated and visualized using an x60 waterimmersion objective mounted on a fixed-stage microscope (BX51-WI, Olympus, Center Valley, PA), and the image was displayed on a video monitor using a charge-coupled device camera IR-1000 (Dage MTI, Michigan City, IN). Recordings were amplified by multiclamp 700B and digitized by Digidata 1440 (molecular devices, Sunnyvale, CA). Whole-cell recordings were performed as described previously (Kaphzan et al. 2013) . A custom apparatus was prepared to combine dual patch of the soma and the axon bleb, as outlined in the literature (Fig. 1a ) (Shu et al. 2006; Hu and Shu 2012) . The uniform DC EF was generated by linear stimulus isolation unit (LSIU-02, Cygnus Technology, PA, USA) and the cathode and anode were custom made with AgCl 2 covered silver wires (783500, AM-System, WA, USA). The applied current was adjusted for each experiment (ranging from 58.3 to 34.8 μA), and resultant uniform EF of 5 V/m was precisely delivered and monitored throughout the experiment (Bikson et al. 2004) . Borosilicate glass pipettes (3-5 MΩ for soma, 7-9 MΩ for axon) were pulled (P-1000; Sutter Instruments, Navato, CA) and filled with a K-gluconate based internal solution (in mM): 120K-gluconate, 20 KCl, 10 HEPES, 2 MgCl 2 , 4 Na2ATP, 0.5 TrisGTP, 14 phosphocreatine, Alexa-488 (100 μM) osmolarity 290 mOsm and pH = 7.3. Pyramidal cells soma region at layer-5 were patched and allowed 10 min for the cells to be filled with the fluorescent dye (Fig. 1c) , a brief fluorescence exposure (less than 20 s) allowing tracing of terminal bleb of the axon on the surface of the slice. The dendritic tree remains intact inside the slice (Fig. 1d) . The alignment between the EF and the axon segment (ϴ, Fig. 1b and Table S1 .) was used to calculate the effective EF (EF·Cos ϴ) and classify stimulation as parallel (ϴ: −30 to 30) or orthogonal (ϴ: 60-120) DCS. Polarization length/coupling constant (Radman et al. 2009 ) was calculated as membrane polarization per V/m of effective EF. Reversing the direction of the current application (5 V/m for 1 min) produced depolarized (dep) or hyperpolarized (hyp) DCS for both the parallel and orthogonal field orientations. Axonal polarization was determined by subtracting the change in axon bleb resting membrane potential from the change in somatic resting membrane potential. We corrected for alterations of external bath potentials by subtracting the respective voltage recorded by 2 extracellular reference electrodes proximal to each intracellular recording location, soma and bleb. The method for measuring active intrinsic properties from single AP was based on previous studies with 10 pA current injection steps for 10 ms in soma (Kaphzan et al. 2011 (Kaphzan et al. , 2013 . The first single AP at 5 ms from the start of the current injection was analyzed . Membrane potential acceleration to 30 V/s point determined AP threshold. All current-clamp recordings were low-pass filtered at 10 kHz and sampled at 50 kHz. Series resistance was compensated and only series resistance <15 MΩ for soma recording and <35 MΩ for axon recording were included in data set. Series resistance, input resistance, and membrane capacitance were monitored during the entire experiment. Changes of these parameters, from beginning to end of the experiment, >10% were criteria for the exclusion of data.
Statistical Analysis
The analysis was done with Clampfit 10 (Molecular Devices, Sunnyvale CA, USA) and SPSS 23 (IBM, Armonk NY, USA). One way and repeated measure ANOVA was used for electrophysiological data analysis with P < 0.05 as significance criteria Bonferroni in post hoc test.
Simulation and Modeling
A biophysical model of neuron polarization was implemented in NEURON (Hines and Carnevale 1997) including a dendritic, somatic, up to 400 μm axon, and a bleb compartment (Fig. 1g) . The reference microelectrode used to measure the bath polarization (a). For parallel field stimulation, the electrodes were placed across the slice such that the electric field was parallel to the dendro-axonic axis of the layer-V pyramidal cells, whereas for the orthogonal orientation the electric field is perpendicular to the dendroaxonic axis (b, left). The axonal alignment, θ, relative to the electric field was determined for each cell (b, right). Sample image of a layer-V pyramidal cell, filled with Alexa-488 presented here (c). (red arrow: axon hillock, blue arrow: axon initial segment, yellow arrow: axon bleb). Cellular orientation in the slice is illustrated in the schematic (d). The axon bleb is patched at the surface of the slice whereas the dendrite remains intact deep inside the slice. Average polarization length of P14-19 (N = 12, n = 250) is significantly lower than in young adult (2 months) (N = 5, n = 41) (e). Relative bleb-soma polarization as a function of the axonal length (f). In the parallel orientation, the relative polarity-specific (dep and hyper) polarization was evident started only in the axons longer than 100 μm (N = 19, n = 19). In the orthogonal orientation, the relative polarization was not affected significantly (N = 15, n = 15). Compartmentalization of a neuron for the polarization modeling (g), where, AIS1 represents the axon hillock, AIS2 is the axon initial segment and AIS3 denotes the axon. Models of relative polarization predicted similar polarization as experimental data, but only when persistent sodium current (Na p ) and persistent potassium current (K p ) were considered in addition to the passive membrane properties (h). (Depolarized passive: yellow, hyperpolarized passive: green, depolarized active: red, hyperpolarized active: blue).
Axons of varying length were modeled and the relative blebsoma polarization compared. Membrane and additional channel properties were adapted from literature (Migliore 1996; Bahl et al. 2012) . For an active model, persistent sodium (Na p ) or persistent potassium (K p ) channels were added to the neuron terminal to mimic a nonlinear response to either depolarization or hyperpolarization.
Results
Polarization Length Alters With Age
Consistent with prior reports in other animal models (Radman et al. 2009; Fröhlich et al. 2010) , the somas of pyramidal neurons polarized in response to parallel DCS in a polarity-specific manner; in adult animals (2 months old) we report comparable sensitivity 0.13 ± 0.01 mm [the values are mean ± standard error of the mean (SEM), ranging 0.06-0.18 mm] (Fig. 1e) , while at younger ages (P14-19) we observed a reduced but significant polarization length 0.093 ± 0.003 mm (ranging 0.03-0.19 mm) ( Fig. 1e and Fig. S3a ). Axon blebs are a physical model of endogenous axon terminals, accessible with patch only in the absence of myelin (Hu and Shu 2012) ; remaining experiments were, therefore, performed in mice are in the early developmental stages (P14-19).
Axon Terminal Polarization Alterations With DCS
A dual patch of the soma and the axon bleb were recorded during DCS. To increase accuracy, axon bleb polarization during DCS was measured relative to the soma polarization with extracellular voltage deflections subtracted for each recording location (Radman et al. 2009; Fröhlich et al. 2010; Arlotti et al. 2012) . Consistent with biophysical theory, the axon terminal polarization decoupled from soma polarization with increasing distance for axons longer than 100 μm (Fig. 1f and Fig. S2a,b ) (McIntyre et al. 2004; Strüber et al. 2014 ). However, the relative bleb-soma polarization increased as a function of axon length faster than the maximum predicted for a passive model and was only approximated with an active model (Fig. 1g,h ). Passive relative polarization as a function of axon length was limited by the rate of extracellular polarization (5 V/m). Parallel but not orthogonal directed stimulation was effective, with a maximumrecorded sensitivity of~0.8 mm (Fig. 1f) .
DCS Differentially Affects Active Intrinsic Properties in the Soma and Axon Bleb
Using intracellular current injection to probe passive and active neuron response, changes in the intrinsic properties under DCS application were analyzed for axon blebs >100 μm from the soma (to decouple from soma effects). In congruence with our polarization results, depolarizing and hyperpolarizing DCS, in parallel and orthogonal orientations, significantly affect active intrinsic properties only in the axon blebs but not in the somas (Table 1 , and for sample traces Fig. S1d-g ). Only at axon blebs, depolarizing parallel current induces a decrease of AP amplitude and maximal rate of rise, but an increase of AP midwidth with a net increase in area under the curve (AUC) ( Table 1 and Fig. S1d-g ). Relatively minor effects for orthogonal compared with parallel DCS, likely reflect minimally, but not zero, terminal polarization. Furthermore, for both depolarization and hyperpolarization parallel DCS; there was a linear correlation between the extent of change (ratios) in the AP amplitude and mid-width and the axon bleb distance (Fig. 2a-h) . Consistent with the hypothesis that effects on AP dynamics are driven by the terminal polarization, modulation of AP amplitude and midwidth strongly correlated with terminal polarization by DCS (Fig. 2I,j) . Threshold current injection to the soma, which induces firing in the axon initial segment, was reduced for depolarized parallel DCS, while AP threshold potential and input resistance as measured in the soma were not significantly changed (Table 1) .
Distinctive Effect of Parallel and Orthogonal Field on Threshold Latency and AP Conduction Velocity
We defined the delay of threshold potential in the soma and the axon bleb, as threshold latencies. Longer the axon, higher the threshold latency (Fig. 3a) . The correlation of threshold latencies to the axon bleb distance in the dep, hyp and without DCS show that the linear regression lines for all 3 conditions (R 2 ≈ 0.98). Moreover, while the dissection point for latency = 0 is unaltered between the 3 conditions (~91 μm), the slope of linear regression lines are significantly different (P < 0.0001) (Fig. 3b,c ). This is consistent with different conduction velocities between all the 3 conditions, while the triggering point probably is not significantly altered. DCS depolarization induces an increased conduction velocity, while DCS hyperpolarization reduces conduction velocity (repeated measures of ANOVA of velocities across the 3 conditions per axon bleb; P < 0.0001 for both) (Fig. 3d ).
Discussion
For clinically established (FDA approved) neuromodulation techniques such as DBS, SCS, repetitive rTMS, and electroconvulsive therapy (ECT), quantifying the cellular targets of stimulation provides a substrate for ongoing optimization. For investigational techniques, such as tDCS, transcranial alternating current stimulation (tACS), and transcranial random noise stimulation (tRNS), a quantitative model of cellular targets also help establish plausible efficacy. The behavioral and clinical outcomes of these neuromodulation techniques are distinct and complex but are assumed to all derive from the generation of EFs in the brain, leading to the polarization of cells. It has long been speculated that the most sensitive cells to polarization are neurons by virtue of the extended axonal compartments, and extensive conceptual and therefore computational models have been developed around axon stimulation (Ranck 1975; Tranchina and Nicholson 1986; Nowak and Bullier 1998; Arlotti et al. 2012 ). However, until now evidence in humans (and animal models) was indirect; for example, observation that APs are initiated in cortical neurons at EF at amplitudes below stimulation intensities needed to polarize soma to firing (Radman et al. 2009 ), chronaxie analysis (Nowak and Bullier 1998) , or that modulation of synaptic efficacy is consistent with expectations about terminal polarization (Purpura and McMurtry 1965; McIntyre et al. 2004; Kabakov et al. 2012; Márquez-Ruiz et al. 2012; Rahman et al. 2013 ). Here, we not only quantify the sensitivity of mammalian axons to electrical stimulation but further show how polarization changes terminal excitability. Moreover, orientations-specific effects of DCS on mammalian cortical excitability in vitro have been noted (Bikson et al. 2004; Kabakov et al. 2012; Rahman et al. 2013 ) and the present results shed new light on suggested underlying mechanisms. The average soma polarization length for adult mice (0.13 mm) we report is comparable to findings in the other species (Radman et al. 2009; Fröhlich et al. 2010 ). We discovered *P < 0.05, **P < 0.01, ***P < 0.001. Figure 2 . AP amplitude and midwidth ratio alterations to Φ change of current under parallel or orthogonal electric field. For parallel electric field orientation, the axonal AP amp ratio to Φ change of current is linearly correlated to axonal length for both depolarizing and hyperpolarizing polarities (a) (red, dep field, R 2 = 0.53, P < 0.001; blue, hyp field, R 2 = 0.61, P < 0.0001) while the soma is not affected (b) (red, dep field, R 2 = 0.0008, P = 0.906; blue, hyp field, R 2 = 0.0414, P = 0.389). For orthogonal electric field orientation axonal AP amplitude ratio to Φ change of current is linearly correlated to axonal length for hyperpolarizing polarity but not in depolarizing polarity (c) (red, dep field, R 2 = 0.24, P = 0.062; blue, hyp field, R 2 = 0.34, P = 0.02) with no effect at the soma (d) (red, dep field, R 2 = 0.079, P = 0.3089; blue, hyp field, R 2 = 0.0034, P = 0.8359). With parallel field orientation, AP mid-width ratio to Φ change of current also linearly correlates with the axonal length in axon (e) (red, dep field, R 2 = 0.6, P < 0.0001; blue, hyp field, R 2 = 0.36, P < 0.0057) but not in soma (f) (red, dep field, R 2 = 0.0004, P = 0.9298; blue, hyp field, R 2 = 0.07097, P = 0.2562). Whereas in the orthogonal field the ratio is not linearly correlated, neither in axon (g) (red, dep field, R 2 = 0.04, P = 0.45; blue, hyp field, R 2 = 0.04, P = 0.5) nor in soma (h) (red, dep field, R 2 = 0.0001, P = 0.968; blue, hyp field, R 2 = 0.2263, P = 0.0731). In parallel orientation AP amp ratio and mid-width ratio to Φ change of current are linearly correlated to terminal polarization, (i) (Rthat polarization length increase during development (Fig. 1c) , consistent with cortical layer-V pyramidal cell morphology changes along the first postnatal 4 weeks of brain development and maturation (Romand et al. 2011) . For these reasons, our observations of maximal axon polarization length in neonatal mice (0.8 mm), which are already above any previous observations in soma or dendrites, may represent conservative estimates for the mature animal (human) case. A further source of underestimation is axon polarization length is expected to increase with distance from the soma (e.g., 1 mm) beyond the constraints of our experimental system (300 μm). Thus, conservatively, our data predict subthreshold modalities (such as tDCS and tACS) generate brain EF strength up to 0.5 V/m (Dmochowski et al. 2011; Minhas et al. 2012; Laakso et al. 2015) will polarize terminals >0.4 mV-making analog AP or synaptic modulation plausible. Suprathreshold modalities (such as DBS, TMS, and ECT) produce EFs > 60 V/m (McIntyre et al. 2004; Lopez-Quintero et al. 2010) , leading to 48 mV axon polarizationwell above axon AP threshold. Our results thus provide quantitative footing to long-held assumptions about axons as the cellular targets of neuromodulation. Effects on axons can complement those in dendritic compartments (Das et al. 2016; Kronberg et al. 2016; Lafon et al. 2016) where analog signal transduction is well established (Brunner and Szabadics 2016) . The heightened sensitivity of axons to electrical neuromodulation is presumed to derive from the electronic decoupling of the axon from the neuron trunk, with polarization length increased asymptotically with axon branch length up to a theoretical maximum polarization of Eλ (where λ is the passive space constant) (Arlotti et al. 2012 ). While we provide the first experimental evidence confirming this decoupling with distance, remarkably, the magnitude of polarization exceeded the maximum theoretically predicted for any passive model. Only a biophysical model with active conductance could explain heightened sensitivity, which is consistent with modulation of AP dynamics (Fig. 1h) . Mechanistically, many of the same passive and active membrane properties that determine the excitability of terminals (blebs) during endogenous activity, including persistent Na + channels regulating gain modulation of neuronal input-output signaling (Crill 1996; Astman 2006) , voltage-gated Na + channels controlling the neuronal excitability and signal conduction (Tian et al. 2014; Yin et al. 2015) , HCN channels (Notomi and Shigemoto 2004; Benarroch 2013) or voltage-gated K + channel which attributes the AP broadening (Shu et al. 2006; Kole et al. 2007) , may be engaged during exogenous electrical stimulation. We provide the first direct evidence for axonal polarization under electrical stimulation, with comparatively minimal somatic polarization. Moreover, even weak terminal polarization was correlated with alterations of active intrinsic properties, such as AP kinetics (Fig. 2) . This finding is in congruence with significant findings on analog-digital signal in the brain (Alle and Geiger 2006; Shu et al. 2006) , where intracellular current injections at the soma alters AP morphology (Geiger and Jonas 2000; Shu et al. 2006; Kole et al. 2007; Debanne et al. 2013) . Such AP kinetics alteration will subsequently affect synaptic efficacy (Shu et al. 2006 ) presumably because a broader AP arriving at the axon terminal induces a stronger calcium influx which potentiates the transmitter release thus resulting in a stronger synaptic current (Hori and Takahashi 2009) . Whereas polarization induced by current injection at the soma fades along the axon, DCS-induced polarization increases along the axons maximizing towards the terminals, closer to the neurotransmitter release zone. Hence, in a chain of neurons, electrical stimulation could cause an incremental relay effect which may further enhance neuronal network activity. A canonical finding in subthreshold neuromodulation is altered synaptic efficacy (Jefferys 1981; Bikson et al. 2004; Rahman et al. 2013) ; this can be explained by our observed AP kinetics alterations that are correlated with the extent of terminal polarization (Fig. 2i,j) .
Some clinical and cognitive outcomes of neuromodulation have been empirically linked to changes in sharp temporal tuning of intrahemispheric and interhemispheric connectivity (Hung et al. 2005; O'Shea et al. 2007; Polanía et al. 2011; Hartwigsen et al. 2013; Griffis et al. 2015) , and our observations Figure 3 . Direct electric field alters the threshold latency and conduction velocity. Schematic of threshold latency measurement (a). If the distance from the soma to AIS is 'L' and the axon length is '2L', the AP generated in AIS takes a similar time to reach the soma and axon bleb (upper figure in a) . However, when the axon is lengthier, the AP takes a longer time to arrive at the bleb than the soma (lower figure in a) , this delay is the threshold latency. of changes in conduction velocity may explain these changes. Alterations in AP conduction velocity may affect further circuit physiology. Beyond the analog value of each AP alone, depending on incoming axons orientations to a target neuron, temporal summations of spikes might be significantly altered. These may be substantial for spike-timing dependent plasticity, as the dendritic spike and synaptic event are on the order of a few milliseconds and determines the resultant potentiation or depression (Feldman 2012) . Alterations in time of arrival in the excitatory or inhibitory drive may control postsynaptic spikes (Xue et al. 2014 ) and network oscillations (Buzsáki and Draguhn 2004) . These further suggests a role in neuromodulation in signal synchrony. Hereby our findings provide direct evidence of analog-digital facilitation as a major result of neuromodulation.
